A nanoscale structure consisting of two metallic nanoparticles separated by a small gap is known as a plasmonic "dimer", which supports hybridized plasmon resonances as a result of the capacitive coupling between the plasmon modes of each nanoparticle. 1À5 For the bonding dipolar dimer plasmon (BDP), this coupling strongly localizes charges at the junction between the two nanoparticles, giving rise to large field enhancements that enable a wide range of applications in surface-enhanced spectroscopy, 6,7 nonlinear optics, 8À10 nanocircuits, 11,12 molecular sensing, 13À16 and optoelectronics. 17, 18 If the junction between the two nanoparticles is made conductive, allowing for direct charge transfer from one nanoparticle to the other across the interparticle gap, the plasmons supported by this structure would change profoundly. In this case, the structure will also support an additional, charge transfer plasmon (CTP) at energies lower than the hybridized plasmons supported by the structure. A key distinguishing feature of the CTP is the oscillating electric current through the junction. 19À22 In fact, the appearance of a CTP in the spectrum is a characteristic signature of electron transport at optical frequencies, by quantum tunneling or a classical conductive path, depending on the type of nanostructure. 23À25 The onset of conduction characterized by the appearance of the CTP indicates a drastic modification in both the near and far field properties of the structure, which could have broad applicability in active devices, such as ter- ABSTRACT A charge transfer plasmon (CTP) appears when an optical-frequency conductive pathway between two metallic nanoparticles is established, enabling the transfer of charge between nanoparticles when the plasmon is excited. Here we investigate the properties of the CTP in a nanowire-bridged dimer geometry. Varying the junction geometry controls its conductance, which modifies the resonance energies and scattering intensities of the CTP while also altering the other plasmon modes of the nanostructure. Reducing the junction conductance shifts this resonance to substantially lower energies in the near-and mid-infrared regions of the spectrum. The CTP offers both a highinformation probe of optical frequency conductances in nanoscale junctions and a new, unique approach to controllably engineering tunable plasmon modes at infrared wavelengths.
A nanoscale structure consisting of two metallic nanoparticles separated by a small gap is known as a plasmonic "dimer", which supports hybridized plasmon resonances as a result of the capacitive coupling between the plasmon modes of each nanoparticle. 1À5 For the bonding dipolar dimer plasmon (BDP), this coupling strongly localizes charges at the junction between the two nanoparticles, giving rise to large field enhancements that enable a wide range of applications in surface-enhanced spectroscopy, 6, 7 nonlinear optics, 8À10 nanocircuits, 11, 12 molecular sensing, 13À16 and optoelectronics. 17, 18 If the junction between the two nanoparticles is made conductive, allowing for direct charge transfer from one nanoparticle to the other across the interparticle gap, the plasmons supported by this structure would change profoundly. In this case, the structure will also support an additional, charge transfer plasmon (CTP) at energies lower than the hybridized plasmons supported by the structure. A key distinguishing feature of the CTP is the oscillating electric current through the junction. 19À22 In fact, the appearance of a CTP in the spectrum is a characteristic signature of electron transport at optical frequencies, by quantum tunneling or a classical conductive path, depending on the type of nanostructure. 23À25 The onset of conduction characterized by the appearance of the CTP indicates a drastic modification in both the near and far field properties of the structure, which could have broad applicability in active devices, such as terahertz (THz) frequency photonic devices 26 and ultrafast nanoswitches. 27, 28 Theoretical studies have shown that the properties of the CTP depend strongly on junction conductance, 19, 29 indicating its potential use as a nonperturbative monitor of optical frequency conductances in nanoscale junctions. This property also provides a systematic route for tuning the CTP frequency in an engineered nanostructure. In previous studies, when the CTP mode appears at substantially lower energies than the other plasmon modes of the structure, it has been studied indirectly, through the modifications it induces in the other plasmon modes of the nanostructure. 21, 30 Thus far, direct experimental studies of the CTP have focused primarily on the quantum tunneling or the optical frequency molecular charge transport regime. 23 ,31À33 A more comprehensive understanding of CTP properties offers two new advances: (1) the CTP is a unique tool for studying the electron transport of molecules at optical frequencies that are not accessible electronically, 19, 33 and (2) the CTP provides a new route to achieving tunable plasmon resonances well into the infrared region of the spectrum.
Here we report a systematic study of the properties of the CTP in individual nanowire-bridged dimer structures, where we control the junction conductance by varying the width, length, and material of the bridging nanowire. We find that small changes of the junction conductance can induce large shifts in the resonance positions and scattering strengths of both the CTP and the BDP modes of the structure. We observe that a dimer bridged by a thin nanowire generates a narrow CTP with a resonance in the near-infrared (NIR) region of the spectrum. By decreasing the nanowire width, the spectral response of the CTP can be tuned into the mid-infrared (MIR) region of the spectrum without a significant broadening, and without significantly increasing the overall dimension of the structure. These highly attractive properties of CTP resonances will be useful for applications in molecular sensing, or as building blocks for new active materials and devices in the MIR region of the spectrum.
RESULTS AND DISCUSSION
A dimer with a conductive bridge can be considered to be the intermediate case between a nonbridged dimer and a nanorod, which can be viewed conceptually as a dimer with a completely filled conductive junction. The calculated scattering efficiencies and charge plots of the plasmon resonances of an Au dimer, an Au dimer connected with a narrow nanowire junction, and an Au nanorod are shown in Figure 1 . The diameter of the Au disk is 95 nm, and the thickness of the structures is 35 nm in all cases. The length and width of the junction nanowire are denoted L and W, and are 15 and 30 nm, respectively. The plasmon resonances are calculated for the case where the incident E-field is directed parallel to the dimer axis. For the dimer, the coupling between the two Au disks results in a hybridized BDP mode at ∼1.95 eV (i, blue curve). When the dimer is bridged by a narrow nanowire (red curve), two resonances appear in the spectrum: a blue-shifted BDP at ∼2.1 eV (i, red), and a new low energy resonance at ∼0.96 eV (ii, red). This new narrow resonance can be identified definitively as a CTP from the calculated charge distribution (i in the middle panel of Figure 1b ), which indicates an electric current oscillating across the junction at a frequency corresponding to the energy of this mode ( Figure S1 , Supporting Information). The blue shifting of the BDP, also referred to as the formation of a screened BDP (SBDP), is due to the decreased capacitive coupling between the two nanodisks when a conductive medium is present, 19 and to the interaction and hybridization with the lower energy CTP. 34 In the nanorod limit, where the conductive gap is completely filled, the dipolar resonance is red-shifted to ∼1.3 eV. The fundamental difference between the CTP of the nanowire-bridged Au dimer and the dipolar mode of the Au nanorod can be seen by comparing the current density maps of the two structures ( Figure S1 , Supporting Information), where a prominent oscillating electric current density in the junction of nanowire-bridged Au dimer is observed, while no such feature can be seen in the Au nanorod.
To investigate the CTP and its dependence on junction conductance, we fabricated both Au and Al structures by e-beam lithography, using a scanning electron microscope (FEI QUANTA 650), followed by e-beam evaporation of Au or Al for the different plasmonic structures. For single-particle spectroscopy, Au structures were first patterned in PMMA resist, spincoated onto a Si substrate coated with a 100 nm oxide layer, followed by e-beam evaporation of a 2 nm Ti adhesion layer and 35 nm of Au. The structures were then obtained by a standard liftoff process in 1-methyl-2-pyrrolidone (NMP). Al nanostructures were fabricated on top of the quartz substrate, evaporated under vacuum at ∼2 Â 10 À7 Torr with no adhesion layer, and immersed in acetone for 2 h for liftoff. For ensemble ARTICLE optical measurements, all structures were fabricated on a quartz substrate for transmission measurements using a commercial Fourier transform infrared spectroscopy (FTIR). The optical response of individual nanostructures was studied by single-particle darkfield scattering spectroscopy using a commercial Zeiss microscope equipped with spectrographs and CCD detectors for obtaining the spectrum of each nanostructure over an extended spectral range. Scattering spectra of individual nanowire-bridged Au dimers in the visible (500À950 nm, 1.3À2.5 eV) and NIR regime (955À1450 nm, 0.85À1.3 eV), along with the SEM images of the specific nanostructures measured, are shown in Figure 2 . For each nanostructure, the spectra were collected in the two relevant wavelength regimes using both visible and near-infrared wavelength CCD detectors. The diameter of the disks is 95 nm, and the thickness of the structure is 35 nm. The length of the Au nanowire in the junction is kept constant at 30 nm, while the width is increased from 15 to 60 nm, and the corresponding optical responses in the visible and NIR were recorded. For each nanostructure, two resonances are clearly observable in the spectrum, with the lower energy feature corresponding to the CTP and the higher energy feature corresponding to the dipolar plasmon mode. For a dimer with a 15 nm-width junction nanowire (black), the NIR CTP plasmon mode appears at 0.9 eV, and is accompanied by a visible dipolar resonance at 1.9 eV. When the width of the nanowire is increased further, the junction conductance is increased, and both the CTP and dipolar dimer plasmon exhibit a gradual shift to higher energies. The amplitude of the resonances also shows a significant dependence on nanowire width, where the strength of the CTP progressively increases with increasing nanowire width, while the amplitude of the dipolar mode is concurrently reduced. When the nanowire width is increased further, to 60 nm (violet), the CTP blue-shifts to ∼1.15 eV and the dipolar mode shifts to 2.2 eV but is now strongly damped. Singleparticle FDTD calculations of the scattering properties of each structure, using the equivalent experimental dark-field geometries, were performed ( Figure 2C ). The simulation results agree quite well with the resonance energies and scattering intensities observed in the experimental measurements, both following the same trends with junction nanowire width. For a 15 nm-width junction nanowire (black curve), the CTP and BDP possess line widths of 0.094 and 0.333 eV, respectively, corresponding well to the predicted narrower line width of the CTP in Figure 1 (red curve). However, with the increase in nanowire width and the concurrent blue-shift of the CTP to higher energies, the line width of the CTP becomes broader as a result of the increased radiation damping ( Figure S3 , Supporting Information).
We also studied the plasmonic properties of this same series of structures fabricated in aluminum, which we expect to exhibit different CTP and dipolar plasmon resonances. Aluminum as a plasmonic medium 
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has attracted increasing interest due to its low cost and ready manufacturability along with its optical response in the visible and the UV regime, enabling a wide range of potential applications. 35 According to the tabulated dielectric functions of the two metals, Al has a larger AC conductivity than Au at wavelengths above 500 nm ( Figure S4 , Supporting Information) and a higher electron density. It is predicted that for the same size and geometry, an Al nanowire-bridged dimer should show a higher CTP energy than an Au nanowire-bridged dimer.
Here we perform similar experiments on Al using the same geometries, and capture their optical responses in both the UV and NIR regimes (Figure 3a) . SEM images of the nanostructures are shown in Figure 3b . Despite the UV dipolar plasmon resonance of the Al dimer, bridging two Al disks with a nanowire still generates a new CTP in the near-infrared region of the spectrum. The CTP shifts continuously to higher energies, from 1.06 to 1.25 eV, when the nanowire width is increased from 20 nm (black) to 60 nm (magenta). Unlike the Au case, the dipolar plasmon is less damped in the Al structures, and is detectable for all Al dimers using a custom-built UV dark-field microscope. The UV dipolar plasmon also exhibits a blue-shift with increasing junction conductance as well, shifting from 3.4 eV for a 20 nm nanowire width to 3.95 eV for a 60 nm nanowire width. The amplitude of the CTP resonance is enhanced as the junction conductance is increased, while the strength of the dipolar plasmon mode is reduced. These results are reproduced well in a series of FDTD simulations (Figure 3c) , where a 4 nm oxide layer is assumed to cover the Al structure. 35 To better understand the influence of the junction conductance on the CTP, we calculated the junction conductance of each structure at CTP resonances in Au and Al (Figures 2 and 3 ) and plotted the CTP energy as a function of junction conductance (Figure 4) . The conductance is calculated as G = σ(ω)WH/L, where σ(ω) is the frequency dependent AC conductivity of the bridging wire and W, H, and L are the width, height, and length of the bridging nanowire. The value of the conductance is expressed as G = nG 0 , where G 0 is the unit quantum conductance with a value of 77.5 μS. The theoretical (solid squares) and experimental (empty triangles) conductances are determined using the CTP frequency from FDTD simulations and from the experimentally measured CTP resonances, respectively. We see that the experimentally obtained conductances match well with the theoretical values. In Figure 4A , the junction conductance shows a continuous increase with increasing wire width for both Au (black) and Al (red) dimers but exhibits a much larger increase for the Al structures. In general, for structures with the same dimension of the bridging nanowire, Al structures possess a higher junction conductance than Au structures. Unexpectedly, despite a substantially larger conductance at fixed wire width (up to 6 times larger), the CTP energy for Al structures is only slightly higher than for Au structures and requires a larger change of conductance for tuning. To investigate this further, we plotted the CTP as a function of junction conductance over a broad conductance range ( Figure 4B ). The smaller conductance data points were obtained by performing FDTD simulations of structures with narrower nanowire widths than could be achievable by our current fabrication approach (2, 5, 10 nm, etc). In addition, we also calculated the conductances in mixed-metal, Au nanowire-bridged Al dimers 
(blue solid squares) and Al nanowire-bridged Au dimers (green solid squares) for the same range of nanowire widths. In all cases, we see that the CTP shows a very high sensitivity to the junction conductance in the small conductance limit, but becomes markedly less sensitive as the conductance increases beyond 50G 0 . Since the junction conductances of our experimentally fabricated Al nanowire-bridged Al dimer, shown in Figure 3 , fall into the large conductance regime, the CTP for these structures is relatively insensitive to the junction conductance, resulting in a limited CTP tunability for these structures. For both Au and Al structures, the experimental data (empty triangles) match well with the theoretically obtained trends for these structures (solid squares).
For nanowire-bridged dimers of the same dimension, the CTP frequency depends primarily on the material of the junction nanowire, and less on the disk material. In both Au nanowire-bridged dimers (black and blue solid squares) and Al nanowire-bridged dimers (red and green solid squares), despite the very different plasmon wavelengths of the unlinked Au and Al dimers, bridging them with a nanowire of the same material results in a very similar dependence of the CTP energy on junction conductance. Conversely, for the same dimer bridged with a nanowire of either Au or Al with the same junction conductance (obtained by manipulating the nanowire geometry), the resulting CTP resonances can be quite different. As an example, comparing an Au nanowire-bridged Au dimer (black solid squares) to an Al nanowire-bridged Au dimer (green solid squares) with the same conductance of 45G 0 , the CTP resonances occur at energies of 1.1 and 0.85 eV, respectively.
We also investigated how the BDP energies depend on junction conductances ( Figure S6 , Supporting Information). Increasing the nanowire width increases the junction conductance, which results in a blueshift of the BDP. Since the values of the conductance are comparable for Au and Al structures, the dipolar plasmon shows a similar sensitivity to the junction conductance in both cases. The blueshift of the BDP with increasing junction wire width and thus junction conductances is further examined in near field plots ( Figure S7 , Supporting Information). With increasing wire width, the E-field is progressively expelled from the gap, resulting in a successively weaker coupling of the two disks. As a result, the screened dipolar plasmon exhibits a blue shift. 19 The CTP can be tuned from the NIR to the MIR regime quite simply, by increasing the junction wire length while keeping the nanowire width narrow and thus reducing the junction conductance. SEM images of bridged Au dimers with an increasing wire length from 30 to 90 nm are shown in Figure 5A . The diameter of the disk and the width of the wire are 200 and 20 nm, respectively, and the interstructure distance is 1 μm. The optical response of these structures is collected from arrays of the fabricated structure, using an FTIR in transmission mode. A typical SEM image of the arrays is shown in Figure S8 in the Supporting Information.
We measured the transmitted signal from the arrays and retrieved the absorbance data for each geometry. All spectra were normalized ( Figure 5B ). The spectra are plotted from 0.3 to 0.8 eV (1.55 to 4.13 μm). A prominent MIR CTP resonance is observed for each geometry, showing a continuous red shift to lower energies from 0.62 to 0.45 eV (1.95 to 2.75 μm) when the length of the junction wire is increased from 30 to 90 nm. An increase of the junction nanowire length increases the charge transport time, giving rise to a lower CTP resonance energy of the structure. 19 This result is reproduced well in a series of FDTD simulations, using perioidic boundary conditions ( Figure 5C ), confirming that the MIR resonance of these structures can be tuned by varying the junction conductance. We also compared the simulated spectra using periodic boundary condition to the calculated single-particle absorption spectra in Figure S9 in the Supporting Information, where the results show a fairly good ARTICLE agreement between the two, indicating minimal far field interference and imhomogeneous broadening effects for the array geometry. The junction conductances for nanowire-bridged MIR-resonant structures with different nanowire lengths, and their CTP resonance dependence on the junction conductance, are shown in Figure 5D , where experimental data (empty triangles) show a qualitive agreement with FDTD simulations (solid squares). For a fixed nanowire width, the junction conductance is inversely proportional to nanowire length. We performed similar experiments by fixing the nanowire width at 40 nm and varying the nanowire length ( Figure S10 , Supporting Information), and fixing the nanowire length at 90 nm while increasing the nanowire width ( Figure S11 , Supporting Information). In each case, the junction conductance was calculated ( Figure S12 ) and the corresponding CTP energy was plotted in Figure 5E . Both the experimental and theoretical data follow the same trend. This indicates that the junction conductance, controlled by the junction geometry, is the only determining factor for the resonance position of the CTP in this regime. In other words, the CTP mode energy would be the same for structures with the same junction conductance, even if their dimensions slightly differ for this geometry. This simple dependence of the CTP resonance on junction conductance provides a direct strategy for the design of nanostructures with specific MIR response. The junction conductance for a desired plasmon resonance can be directly read out from the plot, offering an effective way to engineer a plasmonic system with specifically desired infrared resonant properties. Similar results were also obtained for Al structures, where a MIR CTP can also be observed for nanowire-bridged dimer geometries, also exhibiting a similar tunability of IR resonance with junction conductance ( Figure S13, Supporting Information) .
As an additional example of CTP tunability, we examine the case of changing the diameter of the disks while keeping the junction wire dimensions constant. Figure 6A shows the CTP dependence of three nanowire-bridged dimer structures with 200, 250, and 300 nm disk diameters, each bridged by a nanowire with a 20 nm width and a 90 nm length. The collected absorbance spectra are shown in Figure 6B , where the CTP peak exhibits a red shift from 0.455 eV (2.73 μm wavelength) to 0.37 eV (3.35 μm wavelength) with increasing disk diameter. The red shift of the CTP resonance can be interpreted in terms of the charge transport time, which is also closely related to the dimer disk diameter. An increase in disk diameter increases the charge separation distance, resulting in a longer ARTICLE charge transport time, lowering the CTP energy. 19 The CTP tunability observed experimentally is reproduced well by the FDTD simulations in Figure 6C . Similar results can also be found for Al structures ( Figure S14 , Supporting Information).
CONCLUSIONS
In conclusion, we have performed a comprehensive experimental and theoretical study of the optical properties of nanowire-bridged plasmonic disk dimers. These structures are found to exhibit both standard hybridized resonances due to the capacitive coupling of the disks and pronounced CTP resonances due to the conductive coupling. The energy, intensity, and line width of the CTP resonances are found to be strongly dependent on the junction conductance which can alter simply by changing its geometry or material composition. We explicitly demonstrate this plasmon tunability from the visible into the mid-IR. We find that when tuned into the mid-infrared region of the spectrum the CTP resonance has a narrow line width, an important property to be exploited in future applications. Our results offer an optical platform for measuring the electron transport properties of molecules or nanomaterials at optical frequencies, and provide a strategy for engineering near-and mid-IR plasmonic substrates for surface enhanced IR spectroscopic and sensing applications.
METHODS
Structure Fabrication. Au and Al nanostructures were fabricated by e-beam lithography. For single-particle spectroscopy, Au structures were first defined in PMMA resist spin-coated onto a Si substrate coated with a 100 nm oxide layer, followed by e-beam evaporation of a 2 nm Ti adhesion layer and 35 nm of Au. The structures were then obtained by performing a standard liftoff process in 1-methyl-2-pyrrolidone (NMP). Al nanostructures were fabricated on top of the quartz substrate, evaporated a 35 nm Al layer under a vacuum of ∼2 Â 10
À7
Torr with no adhesion layer, and immersed in acetone for 2 h for liftoff. For ensemble optical measurements, Au and Al structures were fabricated on a quartz substrate.
Single Particle Dark-Field Spectroscopy. The optical response of individual nanostructures was studied by single-particle darkfield scattering spectroscopy. Individual Au nanostructures were studied by a commercial Zeiss microscope equipped with visible/NIR spectrographs and CCD detectors, obtaining the spectrum of each nanostructure over the extended range. The UV response of individual Al nanostructures was measured by a home-built UV darkfield microscope. A narrow wavelength band from the light source (Energetiq LDLS) was selected by the monochromator and directed to the sample surface with a 50°incident angle. The scattered signal was collected by a 15Â objective with a NA of 0.28 (Edmund Optics, UV ReflX) and detected by a UV-enhanced CCD array (Princeton Instruments). The scattering spectrum was obtained by collecting the signals from 200 to 700 nm excitations with 5 nm increments. All the measurements were performed in a dry N 2 environment.
Fourier Transform Infrared Spectroscopy (FTIR). The optical absorbance spectra of the Au and Al nanostructure arrays were measured using FTIR spectroscopy with a Bruker Vertex 80v spectrometer equipped with a Hyperion 3000 microscope (mercury cadmium telluride detector). The polarization dependent measurements were performed by placing a zinc selenide linear polarizer in the excitation pathway.
Numerical Simulations. The scattering spectra, charge distributions and current density maps were simulated by finite difference time domain method (FDTD, Lumerical Solutions). A plane wave with E-field linearly polarized along the plasmonic dimer axis was employed to analyze the far field and near field properties of the structures.
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